lence function when delivered in a type III-dependent 6 These authors contributed equally to this work.
Ackerveken et al., 1996). Presumably, these Avr proteins with or without a C-terminal HA epitope tag (Experimeninteract with host nuclear factors, potentially influencing tal Procedures). We assessed whether these exchanges host defense gene transcription (Zhu et al., 1999) .
affected protein production in P. syringae pv. tomato We noted a subset of P. syringae type III effectors (Pst) DC3000. Figure 1 demonstrates that either antisera (Table 1 ) with predicted N-terminal eukaryotic consento each Avr protein, or the anti-HA epitope monoclonal sus sequences for fatty acylation, modifications that antibody, recognized proteins of the correct apparent promote plasma membrane association. This subset inmolecular weight (AvrRpm1 at 29 kDa, AvrB at 36 kDa) cludes both AvrRpm1 and AvrB from P. syringae pv.
that are not present in bacterial extracts made from cells maculicola and P. syringae pv. glycinea, respectively, carrying an empty vector. The G2A mutant of AvrRpm1 which are recognized in Arabidopsis by RPM1 (Bisgrove accumulated to variably lower levels than wild type, but et al., 1994; Grant et al., 1995) . AvrRpm1 and AvrB share we did not observe similar decreases for the AvrB G2A no homology other than this N-terminal sequence, inmutant protein. The C3A exchanges in either gene were cluding the G2 residue known to be the target for covaas stable as wild type. Surprisingly, S6A exchange in lent myristoylation (a C 14:0 acyl group; Johnson et al., either AvrRpm1 or AvrB significantly reduced protein 1994). An apparent exception to the G2 rule is the accumulation, and interpretation of subsequent funcAvrPphB protein from P. syringae pv. phaseolicola.
tional data must bear this in mind. Structural signals AvrPphB expresses a glycine not at its translational N comprising at least 15 codons mediate type III-depenterminus, but rather at the N terminus of an intramolecudent secretion or delivery of effector proteins into host lar cleavage product (Puri et al., 1997). Myristoylation cells (Anderson et al., 1999). We expressed wild-type often occurs in conjunction with palmitoylation, a C 16:0 and mutant proteins in an E. coli strain expressing either lipid attachment at C3 or C5 (Resh, 1994) , and the proa wild-type or mutant Erwinia chrysanthemi type III seteins in Table 1 feature this residue. Both fatty acylation cretion system previously used to monitor AvrB secreevents are specific to eukaryotes, notably G␣ subunits tion (Ham et al., 1998 is not recognized efficiently by the host, and pathogen and AvrB Function growth is unhindered. The S6A mutation eliminated avirWe introduced site-specific alanine exchanges G2A, ulence, but interpretation of this data is compromised C3A, S5A, and S6A into both AvrRpm1 and AvrB and by the diminished levels of S6A accumulation noted above. We also monitored the onset of HR following expressed these from the native avrRpm1 promoter, conclude from Figure 2A that the consensus myristoylation sites of both AvrRpm1 and AvrB are required for full avirulence function following type III-mediated delivery to Arabidopsis.
Several P. syringae type III effector proteins, including AvrRpm1, serve as virulence factors during infection of plant genotypes lacking the appropriate R gene product. Loss of function Col-0 rpm1 mutant alleles exist, and several Arabidopsis accessions have a naturally occurring deletion allele (rpm1 null; Grant et al., 1995) . PsmM2 is pathogenic on rpm1 null Arabidopsis accessions like Mt-0, Fe-1, and Cvi-0. A Tn3spice insertion into avrRpm1 in Psm M2 (giving rise to strain CR299) decreased virulence in a dose-dependent manner (Ritter and . The essence of this finding is displayed in Figure 2B , left, where expression of wild-type avrRpm1 rescues CR299 to full virulence on rpm1 nulls Mt-0 and Fe-1. Figure 2B demonstrates that both G2A and C3A exchanges significantly reduce the virulence function of wild-type avrRpm1 as measured by CR299 growth. We conclude from this experiment that both myristoylation and palmitoylation consensus sites are important for maximal AvrRpm1 virulence function when delivered via the type III system to Arabidopsis. Similar experiments with AvrB were not performed, as no obvious virulence activity has been ascribed to AvrB on Arabidopsis. P. syringae type III system and second, that localization of Avr proteins delivered via Agrobacterium should reflect the natural localization during P. syringae infection. inoculation of a high dose of P. syringae expressing the various avirulence proteins. Expression of either wild- Figure 3A demonstrates that DEX-induced transient expression of either AvrRpm1 or AvrB initiates an RPM1-type avrRpm1 or avrB in Pst DC3000 triggers HR on Col-0 at 5 hr post inoculation, while empty vector did not dependent response. We used two sets of isogenic plants for this experiment: first, wild-type Col-0 (RPM1) (Figure 2A, bottom) . G2A exchange in either AvrRpm1 or AvrB significantly lowers the percentage of leaves and an isogenic loss-of-function rpm1-fs allele, and second, the rpm1 null accession Fe-1 and a transgenic responding. While the effects of G2A exchanges are not complete in this assay, they are at the lower titers used Fe-1 expressing RPM1. Figure 3B illustrates that G2A exchange in either Avr protein significantly reduced the for in planta growth. Additionally, C3A exchange in AvrB and AvrRpm1 reproducibly resulted in both fewer reability to trigger an RPM1-dependent response. Avr protein levels in these leaves, however, were undetectsponding leaves, and a slightly delayed response. We able (not shown). Our inability to detect Avr protein in this assay suggests that low Avr protein levels are sufficient to trigger RPM1-dependent cell death. DEX treatment does not induce Avr protein accumulation in cultured Agrobacterium (see Experimental Procedures). diminishes this response, like the RPM1-dependent responses described above. Because this rpm1-independent response is also greatly enhanced by consensus acylation sites, we conclude that it reflects both a normal function and cellular localization of this type III effector protein.
Consensus AvrRpm1 and AvrB Acylation Sites

The Consensus Myristoylation Site Mediates
AvrRpm1 and AvrB Are Localized to the Host Cell Plasma Membrane, and Efficient Localization Requires Consensus Acylation Sites
Our results suggested that Avr protein localization dictates both RPM1-dependent responses to both AvrRpm1 and AvrB, and the rpm1-independent response to AvrB. We localized both HA-tagged Avr proteins in Cvi-0 ( Figure 5A ) and Mt-0 (not shown) at 12 hr post DEX induction. We chose this time point because wild-type AvrRpm1 was undetectable at later time points in all tested accessions (not shown), and wild-type AvrB was undetectable in Mt-0 beyond this time point. We collected total extracts and prepared soluble and 100,000 ϫ g microsomal fractions after DEX induction (Experimental Procedures). The anti-HA epitope monoclonal antibody detected bands of the correct apparent molecular weight (AvrRpm1 at 29 kDa, AvrB at 36 kDa) almost exclusively in the microsomal membrane fraction (antisera to AvrRpm1 and AvrB confirmed these results, not shown). These bands are not present in extracts from empty vector controls. G2A or C3A exchange had significant effects on membrane localization of both AvrRpm1 and AvrB. First, G2A exchange essentially eliminated membrane localization. Second, the C3A exchange significantly reduced membrane association. These results are precisely those expected given the requirement for myristoylation to occur before palmitoylation, but not vice versa, in various dually acylated proteins (see Discussion). These data also demonstrate that the localization differences observed are not due to differential stability of the mutant proteins, at least at 12 hr post DEX induction. Antisera against the tonoplast membrane protein ␥-TIP served as a control for fractionation (Daniels et al., 1994) .
We performed two-phase membrane vesicle separation to determine if the plasma membrane contains wildtype AvrRpm1 and AvrB (Experimental Procedures). Western blots ( Figure 5B) demonstrate that both Avr proteins were enriched in these vesicles to the same extent as a known plasma membrane marker. This is consistent with previous enrichment of RPM1 protein in plasma membrane vesicles (Boyes et al., 1998). Marker proteins for various subcellular membranes confirmed the two-phase separation efficiency (Experimental Procedures). We used an independent method to confirm these results. Wild type and G2A exchange derivatives of either AvrRpm1 or AvrB were fused with green fluorescence protein (GFP) at their carboxyl termini and expressed from the strong cauliflower mosaic virus 35S 
Myristoylation of AvrRpm1 and AvrB In Vivo
Requires Consensus G2 Acylation Sites Our functional and plasma membrane localization data strongly support the contention that AvrRpm1 and AvrB are acylated, and thus tethered into the eukaryotic host plasma membrane. We tested myristoylation directly by radiolabeling leaves with [ 3 H]myristic acid subsequent to Agrobacterium inoculation and DEX induction. We prepared total protein extracts for fractionation and immunoprecipitation (Figure 6 ). The wild-type and G2A exchange mutants for either Avr protein were equally represented in the extracts, yet 3 H was only incorporated into the wild-type AvrRpm1 and AvrB proteins. Thus, these proteins can be myristoylated in vivo. Coupled with the functional role for a G2 residue for complete expression of all tested functions and for efficient plasma membrane localization of both AvrRpm1 and AvrB, it is likely that myristoylation is essential for both optimal function and localization of AvrRpm1 and AvrB.
Proteolytic Processing of a P. syringae Type III Effector in Host Cells Exposes a Eukaryotic N-Myristoylation Consensus Site
The 35 kDa AvrPphB protein from P. syringae pv. phaseolicola is rapidly cleaved between K62 and G63, in both E. coli and P. syringae (Puri et al., 1997) . The longer, 28 kDa product of this cleavage exposes a potentially myristoylated free glycine at its N terminus (Table 1) . To generalize our findings with AvrRpm1 and AvrB, we constructed a G63A avrPphB mutation for expression of either native or HA-tagged derivatives in the DEXinducible Agrobacterium system. The 28 kDa cleavage product consistently accumulates following DEX-induced transient expression of AvrPphB in leaves. We have occasionally observed very low levels of the 35 kDa translation product in soluble fractions (not shown), suggesting that it is also rapidly processed in plant cells. The 28 kDa cleavage product localizes to a membrane fraction in a G63-dependent manner (Figure 7 ). This residue also greatly enhances recognition of AvrPphB by RPS5 (Warren et al., 1998) following Agrobacterium delivery (responding leaves: 59/70 for wild type and 13/74 for G63A), consistent with a functional role for myristoylation in membrane localization of AvrPphB in the plant cell. We conclude that AvrPphB can be cleaved in the plant cytoplasm to an active 28 kDa form, which utilizes a myristoylation site for both localization to a membrane 
III secretion systems to deploy effector proteins into
Leaves were harvested 12 hr post DEX treatment. Total (T) extracts were separated into soluble (S) and 100,000 ϫ g microsomal pellet (M) fractions, subjected to SDS-PAGE, blotted, and probed with anti-HA epitope monoclonal antibody to detect either AvrRpm1 (exto detect either AvrRpm1 or AvrB, or with antisera against markers periment in top set of two blots) or AvrB (bottom set of two blots), known to reside in the cellular compartments listed at right (Cyt is or with antisera against the tonoplast membrane marker ␥-TIP (both cytosol, ER is endoplasmic reticulum, PM is plasma membrane). All sets of blots). All apparent molecular weights are correct (AvrRpm1 apparent molecular weights are correct (Bip at 70 kDa; ␥-TIP at 27 at 29 kDa, AvrB at 36 kDa, ␥-TIP at 27 kDa). The proteolytic cleavage product of AvrPphB associthat both the consensus myristoylation and palmitoylaates with a membrane fraction in a G63-dependent mantion sites of AvrRpm1 are required for maximal virulence ner following processing from the full-length wild-type of the P. syringae strain Psm CR299. Additionally, the protein. Pulse-chase studies in P. syringae revealed that myristoylation sites of AvrRpm1, AvrB, and AvrPphB full-length AvrPphB is rapidly processed (Puri et al., enhance R gene-specific responses when each Avr pro-1997) and our data suggest that the same is true in plant tein is expressed inside host cells. Thus, the genetically cells. Myristoylation of the exposed N-terminal glycine defined role for these consensus acylation sites is indeof the larger AvrPphB cleavage product would thus folpendent of the type III secretion machinery. low synthesis of full-length protein, and subsequent Function correlates with membrane localization and cleavage exposing G63. These constraints make cotransmyristoylation of the Avr proteins, and the major memlational acylation of AvrPphB unlikely and support the brane system targeted for AvrRpm1 and AvrB is the notion that some proteins are capable of posttranslaplasma membrane. We documented a host genotypetional myristoylation. We cannot, however, exclude cospecific, rpm1-independent response to AvrB exprestranslational myristoylation of AvrB and AvrRpm1. Exposion. Importantly, this response is also greatly enhanced sure of G2 by removal of the initiator methionine for by membrane association mediated by the consensus AvrRpm1 and AvrB could be achieved by methionine myristoylation site. We propose that this slow cytotoxic aminopeptidases inside either the host cell or the bacteresponse could reflect the AvrB function in promoting ria prior to delivery, as reported for the type III effector disease on rpm1 plants. We were unable to detect either proteins TIR and SopE (Wood et al., 1996; Kenny et al., AvrB or AvrRpm1 protein in host cells at the time when 1997). rpm1-independent responses were observed. However, AvrPto (Table 1) virulence, and the means by which they modulate or 5.6, per liter, 50 g/ml acetosyringone), grown at 23ЊC for 5-7 hr, by fusing the synthetic (GFP) coding sequence to the coding sequences in pExavrRpm1 and pExavrB. pExGFP was constructed collected and resuspended in infiltration medium (1/2 MS-MES) to an OD 600 of 0.4. The underside of 3-week-old leaves were inoculated by cloning the GFP coding sequence into pKEx4tr. Site-directed mutagenesis of the G2A residues in avrRpm1 and avrB used the using a needleless syringe. Plants were grown in Ͼ120 E of light and sprayed with 20 M DEX (Sigma, St. Louis, MO) 48 hr after respective wild-type avr-GFP fusions and specific primers as template. Details of the cloning procedures are available upon request. inoculation, except for in planta myristoylation assays (see below). RPM1-dependent or RPS5-dependent responses were scored 24 hr later, and the rpm1-independent responses scored 2-3 days later.
Protoplast Preparation and Transformation All phenotypes noted were confirmed to be dependent on T-DNA Arabidopsis plants from a cross between ecotype Niederzenz (Nd-0) transfer by testing constructs in a GV3101 strain cured of the vir (rpm1/rpm1) and rps2-101C (rps2-101/rps2-101C; Col-0 backplasmid (data not shown). ground), were used for all protoplast studies as in Leister et al. (1996) . Arabidopsis leaf mesophyll protoplasts were prepared from 5-week-old plants and transformed using polyethylene glycol.
Plant Protein Extractions
Transformation efficiency (i.e., percentage of GFP-positive protoTwo 6 mm diameter leaf discs were ground in a 1.5 ml Eppendorf plasts) was 30%-40% with pExGFP. Protoplasts were transformed tube in 50 l protein extraction buffer (20 mM Tris-HCL, pH 7.5, 150 with either 3.0 g pExGFP, 3.0 g pavrBG2A-GFP, 6.0 g pavrBmM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 1ϫ plant prote-GFP, 6.0 g pavrRpm1-GFP, or 6.0 g pavrRpm1G2A-GGFP. ase inhibitor cocktail (PIC; Sigma, St. Louis, MO), and 10 l 6ϫ pKEx4tr-dGFP (a defective GFP; Leister et al., 1996) was added Laemmli buffer (final concentration 1ϫ) was added. Samples were where needed to keep the total amount of DNA equal for each vortexed, boiled for 3 min, then spun briefly. Ten microliters was treatment. Following transformation, the protoplasts were incubated loaded on an SDS-PAGE gel. overnight in the light at room temperature.
Total Plant Membrane Fractionation Microscopy Fifteen 6 mm leaf discs per sample were ground in 200 l membrane Protoplasts were examined on a Leica model DMIRBE confocal extraction buffer (MEB) (10 mM Tris-HCl pH 7, 0.33 M sucrose, 1 microscopy system appropriate for the detection of S65T GFP using mM EDTA, 1ϫ PIC) in a 1.5 ml Eppendorf tube. Three hundred an argon laser for excitation (488 nm) and the BP-FITC detector microliters of MEB was added, and samples vortexed and cleared setting for collection. Images were generated using the extended at 8,000 ϫ g for 3-4 min. 
